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ABSTRACT 


This study was conducted to evaluate the light-dark bottle dis- 
solved oxygen method of measuring algal production and to measure the 
effects of the addition of nitrogen and phosphorus, singly and in 
combination, on algal production. 

Five trips were made to the study area at Nancy Lake, Alaska, 
where chemical, physical, and biological parameters were measured and 
nutrients were added to samples to determine their effects on algal 
production. 

The light-dark bottle dissolved oxygen method was found to be of 
| marginal use. Nutrient addition of less than 140.00 ug/1 NHANO3-N and 
35.43 ug/l] K HPO, -P Showed some growth stimulation. Nutrient addition 
in excess of 14.00 mg/1 NH,NO.-N and 3.56 mg/1 K HPO, -P inhibited 
algal production. No synergistic effect of the nutrients added in 


combination could be shown. 


December, 1974 Daniel W. Smith, Ph.D. 
Program of Environmental Assistant Professor of 
Quality Engineering/Science Environmental Quality Engineering 


and Water Resources 


elie: (a . 
LTR ee ind snot Gam 


tte ma aha z tung WA ut 0 ting 
= a 


7 | Gaous ) Weep 4 : 


eawel az “sited Tasoomiriiee? , end’ se ° 7 


= 
L seos etl i i~ot peor! ats @2n') Fu OS Tey "06, tm 21aT. 
: 7 
is evuneen-62 Bas cotpoubatd fap) eh oe 5 awit 
. ~ ‘ 
. nt hots ery ate ~zifigeung bie year: TA ri i ‘ ri iar ts 
howe li \e=os 
ereesta ated yoru! 24 nets \int? oo bers 7 
; \ bts besuerks qvow 2 1sietenipd fa5ipoidre md ot git mys. sod Z 
z 
fants oo eza0¥%o Tet) anterigse) of colon bal ye 
a as ‘ 
nates 0°79 «4 
: 7 ; ‘ | i 
6 od oh tunic? tan bolton aspen Sefore!® effec oo) OP eM 
; we * 
> » a Ho fli to C\ou DO.ORF wed) zee! Yo vel) tty day Teal bom 
- 


vs wotehihe sealed ,noldeluintts nwo seoe ceo ga, 9. AAC 
Gare bi Ash 2.8 BOG Hi- pA git [Ap OG. bi Wo eeesve a) 
7 iy ” ; WME Ae ts errs Sip tends of Ante ubag (ep! 
: wT } 
7 
7 ae WIwete ad | ) or Landay 
ee a es) ee oe . 
iow | ’ to sara ars : 7 
— i r 7 7, ; 2 nt ’ wT * 


Pageant vd he eee 


gama! \ yal Dine = si eu 
7 


ACKNOWLEDGMENTS 


The author wishes to express his thanks for the assistance 
provided by his committee members including Dr. Daniel Smith, advisor 
and committee chairperson, Dr. Timothy Tilsworth, Dr. Vera Alexander, 
Ms. Jacqueline LaPerriere, and Dr. Neville Beharie. 

Appreciation is also expressed to those who assisted in this study: 
Ms. Pat Fox for her help with the statistical analysis, Mr. Roger Nash 
for the algal enumeration and identification, Mr. Larry Casper for 
assistance with the chemical analysis, and Mr. Greg Jones who was of 
great service at Nancy Lake. 

The author also wishes to express his gratitude to his wife, 
Louise, without whose support and help this study would have been 


impossible. 


BS 


iv 


, 
7 


; 
eMibe wip 1 wil! a A 


erie? farrs ye onl e 
euath syed. ve evans 
$f=snau 
\dgall sogal 14M Phe glee’: | 02 
. sot sentad Va) 2. 


Ya Sty ofa rep’. Anal ai 


ait art ce w 


ace" eval bi 


TABLE OF CONTENTS 


Page 
ABSTRACT cite 
ACKNOWLEDGMENTS iv 
TABLE OF CONTENTS Vv 
LIST OF TABLES vi 
LIST OF FIGURES viii 
CHAPTER I. INTRODUCTION ] 
CHAPTER* 11 REVIEW OF THE LITERATURE 5 
Section 1. Bioassay Methods 10 
Section 2. Nutrients eae 
Nitrogen ne 
Phosphorus 25 
Inorganic Carbon 29 
Organic Carbon 31 
Nutrients in Combination Be 
Trace Elements 34 

Section 3. Effects of Light, Temperature, 

and Turbulence on Algal 
Production 36 
Light 36 
Temperature 39 
Turbulence - 40 
CHAPTER III. THE NANCY LAKE-RED SHIRT LAKE 

RECREATIONAL AREA 42 
CHAPTER IV. METHODS 50 
CHAPTER V. RESULTS AND DISCUSSION 56 
CHAPTER VI. CONCLUSIONS AND RECOMMENDATIONS 94 
LITERATURE CITED 96 
APPENDIX A. ANALYSIS OF NITROGEN-15 104 


V 


eau , 
seat Wei’ 


nopsartuned. fz 
PIiis3 | ‘ 


rus ovitmet- 4d0>!) °o. af ict Th) 
Pais BG ais] Gays) -te 
MIF ay 4 

wip f,) 

O21? peecyst 

Sot dal 


MAL TAtde UMeadas ety gar 
Aye SVE SRS Th 


2hONTAN 
Waele OMA Zea 
ies mahi GHA evVTAIOnG3 


DIST CORMDABLES 


No. {Title Page 


ae eam ae 


Vey Experimental Nutrient Concentrations 54 


2.| Light Bottle Minus Dark Bottle Dissolved Oxygen 


Values for July 14 57 
3. Light Bottle Minus Dark Bottle Dissolved Oxygen 

Values for July 31 58 
4. Light Bottle Minus Dark Bottle Dissolved Oxygen 

Values for August 1 59 
5. Light Bottle Minus Dark Bottle Dissolved Oxygen 

Values for August 17 60 
6. Light Bottle Minus Dark Bottle Dissolved Oxygen 

Values for August 19 peo! 
7. Light Bottle Minus Dark Bottle Dissolved Oxygen 

Values for September 26 62 
8. Light Bottle Minus Dark Bottle Dissolved Oxygen 

Values for September 27 63 
9. Water Chemistry ie 
10. Light and Temperature iz 
11. Saturated Dissolved Oxygen at Given Temperatures 15 
12. Conversion to Total Available C0, , 75 
13. Sunrise, Sunset, and Length of Day in Solar Time 76 
14. Algal Counts ih 
15. Gross Production 78 


16. Theoretical Sensitivity of the Light-Dark Bottle Method 84 


17. Student's t Test “85 


vi 


n ; Auovaly Hav ide 4 
- 


oo 
- 


obi 
' a a it : 
7 - 
7 of iT 
7 j ry ‘) As ; 
tT? 
qoeree Wevigeet!! 


7 m P 
: ADL BY ie ] i! 


a 
> yee &e 
| ‘one ey erintgraiaey + wel bovlode it agit 


7 : eX . : iof sev 


gett sete? af wal Yo. aterss Jdtrud ,periapt | ae 


nig iooth ‘ of 


fit gee ae 
soda wlates Oradiiets Odd La ysini slink? | 
ge an 7247/7 3 


_ _ 


ish 
os 
20; 


Miller-Jacknife Test for Variance 
Wilcoxon Rank Sum Test 


Comparisons of the Projects of the Medians 


vii 


&7 
90 
a2 


’ 
. 


ay 7 i 


7 7, : - 

7 5 - _ as we *h 

. GaabegT Ged raat & note’ tT 
. ative 7 

wt we aneh P = rh a 


i’ 


. . : — 2 
oe =P : | 
ay vans hp? 
emda o!¢ eragim* esr - 7 a 
ae 


7 \ 


2, | 
3, 


10. 


LIST#OF WelGURES 


No. | Title 
ibs: 


Location Map and Map of Nancy Lake 
Map of Study Area 
Experimental Format for Nutrient Additions 


Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for July 14 


Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for July 31 


Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for August | 


Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for August 17 


Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for August 19 


Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for September 26 


Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for September 27 


Vv lvial 


Page 


48 
49 
53 


64 
65 
66 

67 
68 
69 


70 


op 


1a 


13 = 
ar 
ae 


7 That ws uae ie os 
nerds? Yom 


i 
etd nn 2d Sisievoy FF has? - 


SL, 
ater!) «al JGR Sts oGr ang. OF 
Me ri > i a)" av, payee? Avi fae 


> 


ih a Wega 


2 
art ub al’ Sa & > ET 
| Pe gas at SB “apy 
ial! ey (0 
‘ if % T An eis ie Pe. 
POUCA 1 Faery ae iA au Ld i 
stevia. tanh wedad Mel 
ae a 7 X, ~~ va" parry A i , 
{ 
WAT ech Qaet Eid’ Bee Spr 
iit sagby a, af) 1 & ypey 6.7 ley fe 


lid! Avot edorenl Siogot vtets Te. 
ce iggwes “ wee)? | ny renee ri 


U 


CHAPTER I 
INTRODUCTION 


Eutrophication, the increase of production, over time, of algae 
and other aquatic plants, is a normal part of the natural successional 
process through which bodies of water pass from their original nutrient 
poor or oligotrophic state with low production to a more productive 
nutrient rich eutrophic state. Eutrophic lakes tend to become 
shallower and smaller with sedimentation and encroachment of marsh 
until, over geologic time, lake basins are returned to land and 
terrestrial ecosystems (Sawyer, 1966). Man, through his activities, 
affects this process by greatly increasing the rate of eutrophication. 
The discharge of nutrient rich wastewater which may increase production 
(cultural eutrophication) has, in many cases, increased the rate of 
eutrophication from a process taking many thousands of years to one 
taking short spans often measured in decades. 

Eutrophication has become an international problem. Human influ- 
ence has prevailed longer in some other countries, resulting in a 
longer recorded history of cultural eutrophication. However, the 
problem is becoming more serious and more widespread in the United 
States. While it is not presently known how many of this nation's 
many small lakes are undergoing cultural eutrophication, a recent 
preliminary survey shows the problem occurring, with some intensity, 


im at least forty of the fifty states. In those states with many lakes 
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which contribute substantially to the economy, the resulting dollar 
losses from impaired recreation, depressed resort patronage, property 
depreciation, and costs of ameliorating the problem most probably 
extend to hundreds of million dollars annually (Bartsch, 1972). 

Alaska has approximately three million lakes of twenty acres or 
more (Federal Field Committee for Development Planning in Alaska, 1968) 
of which ninety four are ten square miles or more in area and twenty 
are 250 feet or more in depth (Bue, 1963). These lakes provide the 
State with a potential for recreation and tourism. The outlay by the 
Federal government for recreation in the state between the years 195] 
and 1960 was $19,232,556 and the state outlay for the years-1959 to 
1960 was $346,007 (Outdoor Recreation Resources Review Commission, 
1962). The total expenditure for recreation in 1969 was $2,522 million 
of which $1.3 million was Federal expenditures (Brent and Goldberg, 
1970) and $1.222 million was state expenditures (U.S. Bureau of Out- 
door Recreation, 1971). The impact on the economy of Alaska from 
tourism is reflected in the expenditure of $45 million by out-of-state 
travelers which generated 2,508 jobs (4% of the state's workforce) in 
tourism related services in 1971 (Rich and Tussing, 1973). Though 
tourism ranks fourth among the state's industries, Alaska's outdoor 
recreation potential has hardly been tapped. Planners estimate that 
the use of Alaska's recreation resources will increase at a very rapid ° 


rate during the next few years (U.S. Department of the Interior, 1966). 
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The development of industrial, residential, and recreational 
areas at or near the state's lakes may increase the rate of nutrient 
addition to these lakes. This increase in nutrients may cause an 
increase in algal production within the lakes leading to a eutrophic 
condition. The lowered quality of water may cause a decrease in the 
use of the lakes for recreational purposes which may, in fact, cause 
a substantial dollar loss to the economy of the general area in which 
the lake is located. 

The Nancy Lake-Red Shirt Lake area is the first attempt by the 
State of Alaska to develop a year-round, water-based, multi-purpose 
recreational area. The site is located 66 miles from the Anchorage 
Metropolitan Area on the coastal zone. This area has moderate summer 
temperatures (average July temperature 62° F.) and winter temperatures 
(average January temperature -3.1° F.). Temperature extremes for this 
area include a maximum of 89° F. and a minimum of -46° F. The average 
annual precipitation is 20.76 inches (U.S. Department of Commerce, 
Environmental Data Service, 1972), including 60 snow-inches (Alaska 
Department of Natural Resources, Division of Lands, 1967). Alaska has 
unique weather conditions that result in deper tures from recreation 
norms. Eighteen summer daylight hours and five winter daylight hours 
are found in this area. Ice cover extends from mid-October through 
April. These unique climatological factors may produce results that 
are quite different from recreational areas with similar character- 


istics found in the "lower forty nine" states. 
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The total dollar cost to the State of Alaska for the development 
of the Nancy Lake-Red Shirt Lake recreational site is estimated to be 
$14,121,000. This recreational area contains a gross land area of 
21,127 acres of which 5,016 acres are water bodies (excluding streams 
and swamp areas). These water bodies constitute 24% of the recre- 
ational area (Alaska Department of Natural Resources, Division of 
Lands, 1967). 

The planned facilities at the area will include lodges, cabin 
areas, tent cabin areas, stables, corrals, golf courses, and residence 
and maintenance areas that may produce nutrient containing waste 
primarily from land runoff that may ultimately find its way into the 
lake system which may induce an increase in algal production. This 
increase in algal production has the potential of detracting from the 
aesthetic quality of the recreational area and reducing its recre- 
ational potential. 

This thesis will examine the potential effects of increased 
nutrient levels on the production in Nancy Lake and will examine a 


method for use in determining potential algal production. 
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CHAPTER I] 
REVIEW OF THE LITERATURE 


Algae can be defined as nonvascular, photosynthetic plants 
possessing unicellular organs of reproduction. The plant body is 
unicellular or multicellular. The morphology of the multicellular 
forms is filamentous, flattened or ribbon-like, but with relatively 
complex internal organization in the higher forms. Phytoplankton 
consist primarily of the unicellular forms. Algae has been recently 
abandoned as a formal taxon and component groups are now being consi- 
dered as sufficiently distinctive to merit recognition as divisions. 
The characteristics used to distinguish the divisions are based on 
structure, flagella, pigmentation, and chemical nature of the cell 
wall. The divisions of concern in freshwater are Chlorophyta, the 
greens; Euglenophyta, the euglenoids; Chrysophyta, the yellow-green 
and the golden brown algae and the diatoms; Pyrrophyta, the dino- 
flagellates; Rhodophyta, the red algae; and Schizophyta, the blue- 
green algae (Muller, 1963). Keeton (1969) classifies the blue-green 
algae as Cyanophyta. | 

The algal standing crop or concentration in a water body is a 
complex function of several variables. A simplified conceptual 
description of the algal standing crop in a natural aquatic ecosystem 
is shown in Equation 1. Such a description permits identification of 


those variables amenable to control. 


> % 
ty Aaa. 
\aNt (OwrLiga 


wem-agite. ain 2s 


rigeae) te) 


é st bod "aS de Bde G1 I sid VO ona oafbrieye Lapis est 
e. ; Y | 7 
foutnanes Mwltiiamle A 250i cae fitever Vo “OM saud gel 

; - 


-_ 


re 


“ waefeveose shieupe Fetag ow enh yur pn rbriads isbn ody. Ye i. “sy 


ope anbgaa? ?tSnet) ai Qe all fuinsesw bout he ta mag ‘es 
7 ai” 
ie ror | Ateioey G3) eis nal Gane 
‘in : ; ry ve 
s 7 o i 7 > 
is aa 


Algal Growth Model for Natural Aquatic Systems 


(from Toerien et al., 1971) 


X 
2S ood gt aaah 3 raha 
ae tae eee ane Sta emegs ea cua 
ke fae i 
Change in Input of Output of Growth of 
standing = algal cells - algal cells + algal cells 
algal crop 
Predation 
of algae Decay of Settling Resuspension 
- by higher - algal cells - of algal + of algal cells 
organisms cells 
Suspension 
+ of benthic 
algae 
Where, 
V = Volume of water body co Growth rate of algal mass 
F = Inflow and outflow rate a = Rate of predation of algal 
of the water body cells 
XQ = Algal concentration in S. = Net settling rate of algal 
inflow cells 
Sp = Suspension rate of benthic Sy = Resuspension rate of algal 
algae cells 
Xe = Concentration of benthic Kg = Decay rate of algal cells 
algae 
xy = Planktonic algal concentration in water body and outflow 
Xo = Concentration of higher organisms responsible for algal 
production 
Xo = Algal cell concentration available for predation 
x = 


Concentration of planktonic algae on the bottom sediments. 
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7 
Variables which increase the standing crop are the algal growth rates, 
the concentration of algae in the input water, and the rate of 
resuspension of planktonic and benthic algae. Variables which decrease 
the standing crop are the loss of algae in the outflow, sedimentation 
of algae, and the algal decay rate which includes respiration, miner- 
alization, and consumption by predator organisms (Toerien et al., 
1971). The algebraic sum of this equation indicates the direction of 
change in the algal standing crop 

Algae, under optimum conditions, are generally photoautotrophic, 
using inorganic compounds in the presence of light eneray to produce 
the necessary constituents for growth. Algae may also be heterotrophic 
obtaining their metabolic energy from prefabricated high-energy organic 
nutrients (Keeton, 1969). This photosynthetic process can be divided 
into two parts: the light reaction and the dark reaction. The light 
reaction consists of the transfer of light energy to the chlorophyll] 
molecule, while the dark reaction involves the fixation of C0. to the 
3-carbon phosphoglyceric acid molecule (Dupraw, 1968). Either the 
light reaction or the dark reaction can control the metabolic rate of 
the algae and, hence, the rate of algal growth. 

Findenegg (1965) states that primary production is controlled by 
many interacting factors which are usually divided hes three groups: | 
the physical factors produced directly or indirectly from solar radia- 
tion, the content of nutrients in the euphotic zone, and the inter- 


actions of the plankton community. 
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To measure the effects of these parameters or artificial 
alterations of these parameters on the planktonic biota of a lake may 
involve the use of a bioassay. 

| Bioassays have been used for many years to determine the biologi- 
cal effects over some time interval. Enrichment bioassays are used to 
measure the effects of the application of synthetic compounds of known 
physical and/or physiological function as well as natural substances 
of nutritive value for which the natural concentrations are not known 
and are determined with difficulty (Wetzel, 1965). The determination 
of these effects may provide some measure of the limiting concentration 
of a nutrient on a phytoplankton population. 

Wetzel (1965) states that in natural situations, limiting factors 
are not only relative, but highly dynamic and changing in their effects 
on growth and that there is almost always an extensive interaction. 
Because of this, numerous advantages and disadvantages exist in the 
use of enrichment bioassays and in all cases the results must be 
interpreted with considerable caution. Seldom are there distinct 
relationships between growth and a particular influencing factor. 
Instantaneous concentration additions may produce effects from Reena 
quantities of a particular limiting factor or produce the regeneration 
of a naturally declining population. 

Wetzel (1965) goes on to discuss the difficulty inherent in 
enrichment bioassays and their interpretation. The addition of 


nutritive compounds may induce a shift in the optimal growth of one 
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Species to that of another or may shift the threshold level of one 
controlling factor to that of another. The initial growth attributed 
to a particular limiting nutrient fan produce different results a few 
days later. This can be due to natural shifts in species and popula- 
tion levels or to the rapid turnover and reutilization of nutrients 
and, with some species, the storage of nutrients. This last factor may 
have a great effect on decisions as to limiting nutrients from measured 
ambient nutrient levels. 

Additional problems incurred with enrichment bioassays include the 
rapid exhaustion of limiting nutrients. Hence, short incubation times 
are preferred. Many of the potentially critical factors are ignored 
due to the inability to measure them rapidly or with accuracy. This 
is especially found with the measurement of the trace nutrients 
(Wetzel, 1965). 

In the interpretation of the results of bioassays, Wetzel (1965) 
states that the investigator must be aware that he is working with a 
heterogeneous plankton population in which a multiplicity of environ- 
mental factors are in effect and interacting and that similar lakes 
with similar water chemistry have morphometric and edaphic factors 


that influence production resulting in difficult comparisons. 
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Section 
| Bioassay Methods 
/ There exists today a multitude of methods for measuring algal 
Bac howsees The method selected is dependent on the type of data 
required, the level of expertise of the investigator, and the 
economic constraints involved in obtaining the data. 

Some of the methods used include cell counts, cell volumes, 
optical densities, colorimetric chlorophyll concentrations, wet 
weights, dry weights, and ash weights (Tunzi, 1972). Lund and Talling 
(1957), Soeder and Talling (1969), Sorokin (1973), Welch (1948), 
Margalef (1969), A.P.H.A., A.W.W.A. and W.P.C.F. (1971) (hereafter 
referred to as Standard Methods, 1971), and Wetzel and Westlake (1969) 
discuss these methods in detail including the inherent problems 
associated with them. However, the greatest problem is that they all 
require lengthy incubation periods to illicit a measurable change from 
the initial sampling or they require high concentrations of phyto- 

_ plankton. 

Photosynthetic rate measurements are based on the uptake of C0, 

or the release of 0,. This reaction can be expressed in the simplified 


form of the equation for photosynthesis (Ryther, 1956): 


light 


C0, + HA0 5 [CH,0] + 05 Eek 22% 


At present, there are three basic approaches to measuring photo- 


synthetic rates. They include the measurement of produced molecular 
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oxygen, the uptake of radioactive carbon, and the changes in carbon 
dioxide concentration. 

Most natural waters contain a carbon system that includes Gas 


COa1H4602, (HCO 


Cn eae Sats 
interest are cO,, HCO. , e020 and HCO. These forms, with water, 


C0, OH , and oe Of these the components of 


exist in equilibrium as : 


+ - + = 
HO + C0, noice HCO, 2 ee C0, [Eq. 3] 


The form in which the major portion of the carbon exists is dependent 
on the temperature and the pH (Vollenweider, 1969). 

The concentrations of all of these forms can be determined 
titrametrically (Standard Methods, 1971; Strickland and Parsons, 1968; 
and Vollenweider, 1969) or graphically (Moore, 1939). An alternative 
approach to measuring more precisely total carbon dioxide and carbon 
dioxide changes due to biological activity is by use of a Van Slyke 
gas analyzer (Strickland and Parsons, 1968) or by use of a nondisper- 
sive infrared gas analyzer (Menzel and Vaccaro, 1964). 

At present, the two most commonly used methods of measuring 
photosynthetic rates, in situ, on isolated samples of natural communi- 
ties are the light-dark bottle dissolved oxygen method and the light- 
dark bottle carbon-14 method. Both of these methods require the 
incubation of samples in containers for a suitable time period. 

In general, samples are contained in Pyrex glass (registered 


trademark) bottles of greater than 100 ml volume with ground glass 
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stoppers (Soeder and Talling, 1969). The dark bottles are painted 
black and wrapped with black tape or are wrapped twice with black tape. 
After filling, the tops and necks of the dark bottles are covered with 
aluminum foil. Some investigators prefer wrapping the entire bottle 
with aluminum foil after filling. After filling, the light and dark 
bottles are suspended at the prescribed depth and incubated for the 
desired length of time. 

Suspension of the bottles can either be in groups consisting of 
one to several light and one dark bottle on a vertical line buoyed by 
a float or all bottles at one position on a horizontal plane, depending 
on the desired results. Care must be maintained not to allow the 
bottles to be shaded. It appears that the individual bottles should 
be incubated in the horizontal position to obtain the best results 
(Soeder and Talling, 1969). 

Photosynthetic activity of algae in glass containers is reported 
to proceed at a constant rate for 24 to 48 hours after which it 
virtually always decreases. Hence, experiments should not exceed 24 
hours (Ryther, 1956). Natural conditions exist at the time of first 
containment; as the experiment continues, the effects of containment 
increase. 

The algae are subjected to several em eermental changes during 
containment. The first is a reduction in turbulence which may limit 
nutrient availability and increase the local extracellular concentra- 


tions of waste materials produced by the cells (Jordan and Bender, 
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1973). The second is that glass absorbs light at a greater rate than 
water, especially in the shorter wavelengths. Hence, the quality and 
quantity of light reaching the algae will differ from the natural 
environment. This may be negated somewhat by using quartz bottles, 
but they are relatively expensive (Soeder and Talling, 1969). A 
third set of environmental changes are induced by the presence of the 
inside surface of the containers. The magnitude of these changes 
follows a relationship of surface area to volume of the bottle. Glass 
containers may leach silicate and other nutrients into the enclosed 
water, providing additional nutrient material to the cells. The 
inside wall of the container may also provide a surface for bacterial 
growth in excess of the normal environment. This may also alter the 
nutrient regime within the container (Jordan and Bender, 1973). 
Fourth, population structure may be altered by growth, decay, or 
grazing, both in density and composition, from the normal population 
(Talling, 1969). The effects of grazing may be minimized by prefil- 
tering the sample. 

The light-dark bottle technique is based on the theory that for 
each molecule of C0, assimilated, one molecule of 05 is liberated 
when photosynthesis is occurring. This relationship is accurate only 
as long as the algal cells are producing carbohydrates. As the 
organisms are also producing lipids and proteins, the relationship 
is in excess of unity. Studies of the photosynthetic quotient (the 


ratio of oxygen produced to carbon assimilated) for algae range from 
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1.09 to 1.48, averaging about 1.25 (Ryther, 1956). This indicates 
that perhaps a relationship of one molecule of C0, assimilated to 
1.25 molecules of 05 liberated would be more accurate. 


| When samples containing phytoplankton are incubated in light and 


dark bottles, the concentration of 0, in the dark bottles should be- 


2 
come lower than the initial concentration of 05 due to respiration. 

Oxygen concentrations in the light bottles should change due to photo- 
synthetic activity and respiration (Soeder and Talling, 1969). Strick- 


land and Parsons (1968) provide the following equations for determining 


the algal responses: 


(605) -(f) (Vv Messe) 
GP = je [Eq. 4] 
Nex PO 
(605) i Vo ane Vee) 
NP = Hoe ae [Eq. 5] 
N x PQ 
(605) (TG Ven = 55) (RQ) 
Uh Eig Petia ae LE eal a [Eq. 6] 
N 
where 
f = standardization factor of the sodium thiosulfate titrant 
Vip volume of sodium thiosulfate required to titrate to the 
end point of the initial bottle 
Vig volume of sodium thiosulfate required to titrate to the 


end point of the light bottle 
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15 
Vip = volume of sodium thiosulfate required to titrate to 


the end point of the dark bottle 


PQ = photosynthetic quotient (approximately 1.2) 
RQ = respiratory quotient (approximately 1.0) 

N = number of hours in incubation 

GP = gross photosynthesis in mg C/meter®/hour 
NP = net photosynthesis in mg C/meter®/hour 


R= respiration in mg C/meter®/hour 


Ryther (1956) indicates that a differential growth of bacteria 
occurs in the light and dark bottles due to the lethal effects of . 
sunlight resulting in an over estimation of photosynthesis as an 
over correction is made for respiration. A later conjucture postu- 
lated that this effect was due to the bactericidal effects of excreted 
phytoplankton enzymes in the light bottles. Ryther (1956) goes on to 
state that other experiments disclosed no appreciable difference in the 
bacterial growth in the two bottles in experiments lasting for several 
days despite extensive photosynthetic activity in the light bottle. 

When using B.0.D. (biochemical oxygen demand) bottles, Standard 
Methods (1971) provides two procedures for determining dissolved oxygen 
concentrations: the Winkler method and the membrane electrode proce-. 
dure. : 


The membrane electrode measurement of dissolved oxygen provides 


an accuracy of. +0.1 mg/l and a precision of +0.05 mg/1 as opposed to 
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16 
an accuracy of +0.02 mg/l and a precision of +0.05 mg/1 for the 
Winkler method (Standard Methods, 1971). 

The Winkler method is useful for field evaluations as it does 
not require complex or sophisticated equipment. Other advantages 
include its high precision and the fact that biological activity 
ceases upon addition of the chemicals allowing additional time to 
complete the analysis (Talling, 1969). The Winkler method is easily 
performed by semi-trained personnel and costs, both capital and 
operational, are minimal. 

The oxygen generation bioassay method is limited by several 
factors. The first of these factors is that it is generally impossible 
to obtain dissolved oxygen differences more precise than 0.02 mg 05/1 
(Talling, 1969). This indicates that the method is not applicable when 
production is low, as in oligotrophic lakes. 

A second factor that may affect the method is experimental error 
such as the presence of air bubbles within the bottles induced by 
temperature changes during incubation, supersaturation by photo- 
synthetic activity, carelessness while filling (Talling, 1969), 
improperly mixed reagents, or inaccurate 2 AS ke 

Errors may also be introduced if oxygen production varies with 
light intensity or oxygen tension. The presence of zooplankton or 
high bacterial populations may also affect the oxygen concentration. 
The organisms may also absorb a portion of the iodine liberated by 


the presence of 0, introducing an error (Talling, 1969). Many of 
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17 
these errors can be reduced by careful analytical procedures and by 
pre-filtering the water to remove the zooplankton. 

A second technique employing the light-dark bottle method is 
the measure of the uptake of radioactive carbon-14 over a given time 
interval. This method requires knowing the total available carbon 
content of the experimental water. By introducing an aliquot of 400, 
(in the form of Nay! “C0, or NaH! *c03), the total uptake of carbon 
can be calculated from the ratio of c0,/*C0, assimilated by the algal 
cells. 


14 ie : 
C analysis is described as follows. A known 


A technique for 
quantity of radioactive carbonate, Eregss is introduced to a known 
quantity of experimental water. After incubation for a suitable time 
period, the sample is filtered through a membrane filter. The cells 
entrapped on the filter are washed and dried and the radioactive carbon 
contained therein is measured with a suitable Geiger-MuUller counter. 
THATS 14¢ uptake is expressed as a fraction of the original 140 content. 
From this ratio, the uptake of total carbonate may be determined and, 
therefore, the photosynthetic rate may be evaluated (Strickland and 
Parsons, 1968). 


Strickland and Parsons (1968) provide the following equation for 


calculating the photosynthetic rate: 
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where 
P| = photosynthetic rate 
RS = normalized counting rate in counts per minute 
Rb = normalized counting rate of a blank 
R = normalized counting rate to be expected from the 


entire activity of the ampule 
W = weight of total available inorganic carbon in mg C/m? 


N = number of hours the sample was exposed to light 


A 


The factor 1.05 allows for the behavioral differences between bre and 
ee The counts on the filter obtained from the dark bottle are 
subtracted from the light bottle counts to allow for any carbon 
fixation in the dark and for any Lire molecules aener on particulates 
(Tunziy. 1972). 

This method, under routine conditions, is applicable within a 
range of approximately 0.05 - 100 mg C/m?/hr with a precision level of 
00.5 00 C/m?/hr at the 1.5 mg C/m?/hr level and a precision of 
+3 mg C/m?/hr at the 25 ing C/m?/hr level (Strickland and Parsons, 1968). 

Wolfe and Shelske (1967) describe a liquid scintillation method 
for measuring primary production utilizing carbon-14. A slightly 
modified version of this method is described by Lind and Campbel] 
(1969). The method essentially consists of incubating algal samples 


14 


containing an aliquot of NaH C0, for a suitable time period. After 


incubation, the samples are filtered through a Millipore filter to 
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19 
remove the algae, with the pater paper placed in a glass scintilla- 
tion vial. 

The damp Millipore membrane filters are placed in a solution of 
Pe cnen 2,5-diphenyl oxazole (PPO), dimethyl, 2,2 p-phenylenebis 
(5 phenyloxazole) (dimethyl POPOP) dissolved in dioxane. This pro- 
vides good counting efficiencies even when the sample contains up to 
30 percent water (Schindler, 1966). 


14 


The ‘C method may be affected by the excretion of compounds con- 


taining Laon Barnett and Hirota (1967) found that, after a short lag 


time, the uptake of V4 


C by the algae appeared to decrease with time due 
to the excretion of Laie from the algae. They also found that the ex- 
cretion rate may be modified by the dominant species in the population 
and they also found that the excretion rate may be modified by the 


length of time of incubation. 


Another potential problem with the !“C method is described by 
Arthur and Rigler (1967). They indicate that, as the radioactivity 


. is measured after the sample is vacuum filtered, there may be some 
46 oss due to damage to the cells after filtration. They found that 
the activity decreases with increasing volumes due both to the volume 
filtered and the increased time of filtration. 

Schindler and Holmgren (1971) describe a method to overcome this 
problem. They filter and count aliquots of several sizes from a well 
mixed sample and plot the results of dpm/m] versus ml filtered. 


Extrapolating the curve to 0 ml provides a correction for both filtra- . 
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tion error and self absorption. 


Let iactnad: 


Goidman (1965) describes several advantages to the 
It provides a sensitive measure of carbon assimilation before cell 
divisions and shifts in population diversities and the method is 
easily used in the field. Lind and Campbell (1969) also include as 
advantages the simplicity of the method and its high efficiency. 

There are several disadvantages to this method. The first is 
that a license is required to handle radioactive isotopes in large 
quantities. The method is also expensive due to the cost of the 
equipment and the radioactive isotopes. The method also requires the 
analysis of the available inorganic carbon content of the water. 

Comparisions of the oxygen and 14, methods usually show close 
correlations except under conditions of high light intensity or when 
lipids are being synthesized or respired. Under conditions of suffi- 
cient primary production to provide for accurate measurements to be 


made after a 24 hour incubation time, the oxygen method appears to 


provide the more reliable results (Fogg, 1969). 
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Section 2 

Nutrients 

{ Algae require nutrients to be able to metabolize, grow, and 
moa eS, These nutrients can be classified into two main groupings: 
macronutrients and micronutrients. The potential of algal growth is 
dependent on the correct amounts of these nutrients being present. 
The macronutrients are considered to be hydrogen, oxygen, nitrogen, 
phosphorus, and carbon (Bartsch, 1972). All other nutrients are 
generally considered micronutrients. 

Communities of algae have an approximate elemental composition of 
106 C, 16 N, and 1 P on an atomic basis. Liebig's Law of the Minimum 
States that the nutrient present in the least supply with regards to 
need will limit growth. Hence, the size of the standing crop of algae 
will be determined on the basis of the nutrient in minimum supply | 
(Bartsch, 1972). 
With algae exhibiting an optimum N/P ratio of 16/1, growth should 

_ be limited by nitrogen when N/P ratios are less than 16/1 and growth 
should be limited by phosphorus when N/P ratios exceed 16/1. Oligo- 
trophic lakes exhibit N/P ratios of 16/1 or more and are generally 
phosphorus limited. Cultural eutrophication produces undesirable 
shifts in the N/P ratios. This eutrophication is generally from the 
discharge of sewage and wastes from other human activities that 
increase nitrogen and phosphorus inputs at different rates. Sewage has 


a N/P ratio of 2-3/1 and, -therefore, adds phosphorus at a propor- 
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22 
tionately greater rate than nitrogen resulting in a shift from 
phosphorus limited systems to nitrogen limited systems (Bartsch, 1972). 

Dugdale (1967) proposed a simplified model for studying processes 
of growth and production of phytoplankton under nutrient limiting 
conditions. This model assumes a homeostatic condition by assuming 
a positive relationship between the concentration of the limiting 
nutrient and the velocity of uptake of that nutrient by the phyto- 
plankton. This allows the use of the Monod equation describing 
Michaelis-Menton kinetics for nutrient uptake versus nutrient concen- 
tration. 

Dugdale (1967) reports that the importance of the steady-state 
concept is that the concentration of the limiting nutrient is set by 
the magnitude of the loss rate and characteristic uptake kinetics of 


the phytoplankton populations. 


Nitrogen 


The function of nitrogen in biological systems is in the produc- 
tion of amino acids, the subunits of proteins. Dugdale and Goering 
(1967) state that nitrogen available to phytoplankton exists in two 
categories: newly incorporated nitrogen as NO.” or No and recycled 
nitrogen in the form of NHy” or dissolved organic nitrogen. Ammonia 
is an important nitrogen source when nitrate levels are low, but 
nitrate and nitrogen fixation are most important with respect to 


nitrogen limited systems. 
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In natural systems losses of nitrogen occur through phytoplankton 
sinking, mixing, and predation. The sum of these losses must be 
balanced by nitrate uptake or nitrogen fixation to maintain viable 
phytoplankton populations (Dugdale and Goering, 1967). 

Nitrogen uptake appears to be related to the photosynthetic 
activities of the phytoplankton. Dugdale and Goering (1967) found 
that ammonia uptake curves followed the same uptake curves as for 
carbon. They conclude that as nitrogen uptake is not a direct photo- 
synthetic process, it is indirectly related to a variable degree with 
photosynthesis and they report that phytoplankton that become nutrient 
deficient during the day make up the deficiency at night. | 

Dugdale (1967) describes a daily ammonia concentration cycle 
induced by zooplankton grazing at night. This allows an increase in 
available ammonia to occur due to reduction in phytoplankton popula- 
tions and zooplankton excretion. This produces an increase in the up- 
take rate of ammonia by algae during the day. 

Nitrogen has been found to be limiting in those lakes that tend 
toward the eutrophic condition. There are many examples of nitrogen 
limited systems found in the literature; however, only three "typical" 
examples will be presented here. 

Huang, Mase, and Fruh (1973) investigated two Tok lakes with 
dissimilar water quality, with one receiving high nutrient loadings 
and the second receiving low nutrient loadings. It was found that in 


the lake receiving high nutrient loadings light penetration limited 
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24 
growth during the spring. By summer nitrogen had become limiting 
which favored the development of the blue-green algae. In the second 
Take with low nutrient loadings, nitrogen, phosphorus, and iron con- 
ee Se were low throughout the year and each of these nutrients 
were limiting at different times of the year. Phosphorus enrichment 
did induce increases in production after a month's incubation period. 
However, the effects of containment may negate these results. 

Peterka and Held (1972) investigated Spiritwood Lake, North 
Dakota, and found high nutrient loadings of 2.6 gm of inorganic 
nitrogen and 0.2 gm of soluble phosphorus per square meter of lake 
surface area. Nutrient enrichment studies indicated that the addition 
of nitrogen would induce algal production while the addition of phos- 
phorus would inhibit production. 

Goldman (1960) investigated Brooks Lake, Naknek Lake, and 
Becharof Lake located on the Alaska Peninsula. These studies indicate 
that magnesium was the limiting nutrient during the sprina and summer, 
and-in late August in Lake Becharof. All three Jakes demonstrated a 
nitrogen deficiency in late summer with July showing a slight defi - 
ciency and August demonstrating a more marked deficiency. 

Billaud (1968) conducted a twelve month study of the utilization 
of moter isc nitrogen, ammonia, and nitrate in Smith Lake. Smith Lake- 
is a sub-arctic lake of small size and shallow depth located in the 
interior of Alaska. This study demonstrated that ammonia was the most 


important source of nitrogen for algal production. The source of 
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ammonia was from bacterial decomposition of nitrogenous organic com- 
pounds and the Mineraectan of nitrification during anoxic conditions. 
This ammonia was the source of nitrogen for an algal bloom that 
occurred under the ice in May. A second bloom, occurring just after 
breakup, used ammonia, nitrate, and molecular nitrogen simultaneously. 
Nitrate uptake approached that of ammonia uptake only in the fall of 
the year. 

Nitrogen uptake and algal production are closely related in nitro- 
gen limited systems. The rate of nitrogen uptake and type of nitrogen 
compound used, and hence algal production, is related to the trophic 
condition of the system and its physical environs. In those systems 
which are covered by ice for several months of the year, ammonia 
appears to be the more important nutrient. In the more temperate 
climates, any one or all of the usable forms of nitrogen may be impor- 


tant. Nitrogen uptake rates may be determined using nitrogen-15 (see 


Appendix A). 


Phosphorus 
Hutchinson (1957) states that phosphorus is likely to be the most 


important element ecologically because the ratio of phosphorus .to other 
elements in organisms generally is much greater than the ratio of the 
primary nutrients. 

Phosphorus is used by organisms to form high energy compounds and 


in cellular replication. Phosphorus, in the orthophosphate form, is 
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found in molecules of adenosine triphosphate when used for energy 
storage and it is also found in the chromosomal chains of deoxyribose 


nucleic acids. 


In natural waters, phosphates occur as orthophosphates, poly- 
phosphates, metaphosphates, and ultraphosphates with the last two 
playing little part in biological systems. Polyphosphates can easily 
be hydrolyzed into orthophosphates. Rates of hydrolysis are controlled 
by pH, temperature, phosphorus concentration, and phosphate uptake 
by organisms (Brown, Porcella, and Toerien, 1972). 

Watt and Hayes (1963) describe the phosphorus cycle as consisting 
of the transport of phosphorus through three phases: dissolved in- 
organic phosphorus, dissolved organic phosphorus, and particulate 
phosphorus. These three phases are in dynamic equilibrium as: 

Dissolved = earticulate ~ Dissolved 

Inorganic ~—————. Phosphorus ~———— Organic 

Phosphorus Phosphorus 
(DIP) (PP) (DOP) 

DIP to PP represents the uptake of orthophosphate by the phyto- 
plankton and PP to DOP represents the release of organic phosphorus 
by dead organisms. The reverse process DOP to PP is the uptake of 
dissolved organic phosphorus compounds by bacteria and possibly by | 
phytoplankton and certain protozoans. PP to DIP is a result of several 
processes: the release of DIP from organic compounds by bacteria, the 


return of DIP to the water by phytoplankton and bacteria in exchange 
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for organic phosphate, and autodephosphorylation of labile organic 
phosphorus from non-living organisms (Watt and Hayes, 1963). 

Rigler (1964) studied the amounts of these three phosphorus forms 
and the turnover time of the dissolved inorganic fraction in nine lakes 
or ponds. The arithmetic mean of his data shows that DIP constituted 
5.8 percent, DOP constituted 26.9 percent, and PP constituted 66.5 
percent. The average turnover time for DIP was 5.2 minutes. The 
rapid turnover time may indicate that, even when phosphorus is in 
small concentrations, it may not be the limiting nutrient. 

Phosphorus also enters natural water systems from influent streams 
and is taken up by the organisms in the lake or begins to settle into 
the bottom sediments. Turnover of the lake system may redistribute 
the sedimental phosphorus back into the lake. Phosphorus is also 
sometimes leached from the sediment into the water column. 

Wildung and Schimdt (1973) found that phosphorus concentrations 
in the sediments were correlated with limnological conditions and 
levels of algal production. Seasonal changes in phosphorus concen- 
trations occurred with temperature fluctuations, with phosphorus 
centrations being directly correlated to temperature. 

Phosphorus leaching from sediments may occur from two separate 
sources: the interstitial waters and the solid sediment phase. 
Wildung and Schmidt (1973) found that release from the solid phase 
occurred from nonoccluded Fe-P, while resorption was associated with 


nonoccluded Al-P. Phosphorus release and resorption from sediments is 


me 


a 


: 
_ 


| : . 
MAD © Car Satysys ogabettca ~ 8 _—= 
tens ‘ddl : fern afte’ one 


_ 
nen? Bates Wi YO = any’t 
satel ont: no) neal o< GCE oy $ 
; impair he @wunl.<¢ vad . 
be a) My v7 | ? i) ' s 
iy 
i 3 [ ¢ al t 0 ? 


> | © t : 


sO tf a. 
aw | ha oo . i » vr ’ ’ \e ron | 


Dies 4 f GaP wah | eset 


Bits at ernerg Faved i ee at 


. - a! ips «¢ , cr ] . I ! e s ') r somtpamor’ 7 
a | rh ‘3 eta pti vet ren ; ) J ; ms 7) 
7 : 
| d FTSAGD bce mel mill | [A> vt lped 


Parnes etre rors al edgier detepe .derjsnd0'4. ote te ate 


: Sruaraaey) (Oe so Guyer? Says syeti 45 hw re 570 


Pisano nse OD bale ie gS ufos 


Sap 
er eragae PH? AF 0e8 0) Bil4Ah dor od pal@cea! Aotapad 
@ : @ . 


s 6 7 : P : - Fy 
-_ a ot ae ote pine, nd hae exotew farargem “nw? wit “ orn 
to bets | 


7 ae bi tog ) art) apaicesh afan 24 49 baue (ater) sutwisé sae 
- a § 7 

= ait i on 0 

- “eF .% = 


teats bis wed ii in on Witsoe sl sumo ie 


7 


7 | i oe : a fe 


- t 


23 
therefore closely correlated with the iron cycle and is influenced 
by the depth, redox potential, and oxygen availability (Stumm and 
Stumm-Zollinger, 1972). 

Nutrient availability from the interstitial waters is an important 
consideration. The solid inorganic phase of phosphorus is in dynamic 
equilibrium with soluble organic phosphorus. The rate determining step 
for the transfer to the overlying water is generally the diffusional 
transport through the interstitial waters. Ground water flows, 
turbulence, and gases from anaerobic decomposition may disturb the 
interstitial waters changing the transport rates (Stumm and Stumm- 
Zollinger, 1972). 

There are many examples of phosphorus limited lake systems. 
Brown, Porcella, and Toerien (1972) studied the San Joaquin Valley 
tile drainage areas and found that phosphorus definitely limited 
maximum algal growth. Nitrogen:phosphorus ratios were found to be 
43 Fee goad 8 onl WELW ds 

Studies conducted at Lake Tahoe, California, indicated that 
phosphorus was the limiting nutrient. Phosphorus concentrations were 
found to be very low (10 ug/1) with N:P ratios greater than 15:1 indi- 
cating a phosphorus limited system may exist at Lake Tahoe (Lake Tahoe 


Area Council, 1971). 
Goldman (1960), in his study of three Alaskan lakes, found that ~ 
phosphorus consistently stimulated algal growth and may have been the 


limiting nutrient in the late summer months. Lake Becharof demon- 
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Strated a leveling of the concentration of phosphorus in August and 
phosphorus lost its rate !imiting effect. Brooks and Naknek Lakes 
continued to show stimu! ion by phosphorus additions. 

In general, phosphorus appears to limit algal growth in oligo- 
trophic lakes, while nitrogen limits growth in eutrophic lakes. Oligo- 
trophic species can remove phosphorus from the water under extremely 
low concentrations and some species appear to be inhibited by phos- 


phorus concentrations above 10 to 20 ug/1 P0O,-P (Provasoli, 1969). 


4 

Algae also can remove phosphorus from the water in excess of their 
metabolic needs. This "luxury" uptake allows them to concentrate 
phosphorus compounds. Various algal species possess differing abil inies 
to concentrate phosphorus. Provasoli (1969) gives the following data 


for three genera's ability to concentrate phosphorus: 140,000 x in 


Volvox; 200,000 x in Pandorina; and 800,000 x in Spirogyra. 


Inorganic Carbon 


Algal life is dependent on the presence of carbon. There are two 
main sources of inorganic carbon available to the algal cell: molecular 


CO, and the carbonates and: bicarbonates in solution. 


2 
There have been many laboratory studies to demonstrate algal 
growth limitations due to lack of available carbon.* An example of a 

laboratory study indicating carbon limitation is that of Foree and 


Scroggin (1973). In this study, two sets of batch culture experiments 


were conducted where one set was C0. deficient and one set was C0, 
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enriched. In the C0. enriched system, nitrogen became limiting 
causing a shift to small concentrations of blue-green algae which, in 
turn, were limited by COs. 

Studies of the natural systems that indicate possible carbon limi- 
tation include Wright (1960) and Prescott (1963). Wright (1960) in his 
study of the Canyon Ferry Reservoir found that the rate of photo- 
synthesis becomes limited by C0, when the algae have fully utilized 
the nutrient potential of the environment for chlorophyll] synthesis. 
Prescott (1963) found that Ikrowik Ridge and Imerksungk Lakes near 
Barrow, Alaska, had low CO, content indicated by low methyl orange 
alkalinity with low production. Those lakes with high C0, content 
and/or high methyl] orange alkalinity (Imikpuk, Skimo, and Radio Lakes) 
had high production. These data indicate that the amount of available 
carbon may influence algal production and may limit production when in 
low concentrations. 

There exists today a controversy within the scientific and engi- 
neering communities as to whether carbon can, in actuality, limit algal 
production under natural conditions. Kuentzel (1969), a proponent of 
carbon limited systems states that | 

In natural waters, blue-green algae and certain bacteria 
always are found in close association. Massive algal 
blooms always are associated with excessive amounts of 
decomposable organic matter. Carbon dioxide is the major 


nutrient required for algal growth. The large amounts of 
C0. required for fast-growing massive algal blooms of 


blue-green algae cannot come from the atmosphere and/or 
dissolved carbonate salts via the normal physical-chemical 
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processes. The action of bacteria on ample amounts of 
organic matter can supply as much as 20 mg/1 of C0, in 


&@ supersaturated state. Explosive, logarithmic growth 
rates of bacteria under favorable conditions can deliver 
large amounts of CO, required for algal bloom develop- 


ment. While phosphorus is a necessary element for algal 
growth, the amounts required to support massive blooms 
are quite low, about 0.01 ma/1 or less. In well docu- 
mented instances involving large lakes, the presence 
of decomposable organic matter and bacteria have pro- 
duced massive algal blooms in waters containing not 
more than 0.01 mg/1 soluble P. In other waters con- 
taining more than 0.01 ma/1 soluble P but relatively 
free from organic pollution, there were no nuisance 
algal problems. Thus, the availability of adequate 
amounts of C0, via the action of bacteria on decom- 


posable organic matter determines massive blue-green 
algal growth even in the presence of excessive amounts 
of soluble P. ’ 

The opponents of this premise base their argument on a vast number 
of studies including many where carbon, nitrogen, and phosphorus were 
added singly and in combination to lake water and increases in pro- 
duction were attributed only to nitrogen and phosphorus. Additional 
investigations by Morton, Derse, and Sernau (1971) on the growth rates 
of the algae Chlorella, Microcystis, and Anabaena with respect to 
carbon availability demonstrate that atmospheric CO> replenishment and/ 


or bicarbonate C0» replenishment were more than adequate to sustain 


algal production. 


Organic Carbon 
Low molecular weight organics are released into water bodies from 
secondary sewage and other waste treatment systems. Additional sources 


of organic carbon include that which is found in the influent streams 
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and runoff from the surrounding basin. 

| These low molecular weight organic carbon compounds function in 
several ways. They can be used by algae in metabolism as an energy 
source or as constituents in the construction of protoplasm. A second 
function may be to provide required accessory growth factors to stimu- 
late growth. They also may be toxic and hence inhibit growth. They 
may form organic complexes with trace metals which may be beneficial or 
detrimental depending upon the conditions (Sanders, 1957). 

Clesceri (1973), in his investigation of the effect of organic 
carbon on algal growth, found that increased algal growth occurred 
with enrichments of organic wastewater fractions. The only exception 
noted was when Selenastrum capricornutum growth was inhibited by addi- 
tions of organic carbon. In this instance, the diluent was water from 


Lake George, located near New York, which appears to be an oligotrophic 


lake. 


Nutrients in Combination 

Many studies have been conducted where nutrients have been added 
singly and in combination. The most common nutrients used in these 
studies were nitrogen and phosphorus. The results often demonstrate 
that nitrogen or phosphorus added singly produce some effect, but when 
they are added in combination a synergistic effect takes place and | 
production may be greatly increased. 


Examples of this phenomena include a study conducted by 
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Hutchinson (1941) at Lindsay Pond, Connecticut. His results were 
as folows: 

Assume initial chlorophyll] amount = 100% 

Phosphorus added singly = 134% 

Nitrogen added singly = 197% 

Nitrogen plus phosphorus = 925% 


These results indicate that the increases in growth when nutrients are 
added in combination may far exceed that growth which occurs when the 
nutrients are added singly. 

Jordan and Bender (1973) found that synergistic interactions 
occurred, most consistently between nitrogen and phosphorus, and that 
these interactions occurred both on the species level and on the 
community level. 

This synergistic interaction may be eyeiainied on the basis of 
studies conducted by Ketchum (1939). He found that cellular uptake of 
nitrogen and phosphorus is dependent on their external concentration. 
The rate of phosphate absorbtion is dependent on both the concentration 
of nitrate and independent of the concentration of phosphate. Hence, 
over large ranges, the ratio in which nitrate and phosphate are absorbed 
is dependent on the concentration of phosphate and independent of the 
concentration of nitrate. These same phenomena prernies reported by — 
Schelske et al. (1974) in their study of enrichment responses by algae 
in Lake Michigan. 


Algae absorb ammonia preferentially over nitrate. In the 
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absence of ammonia, some algae produce the enzyme nitrate reductase 
to convert nitrate to ammonia. Eppley, Coatsworth, and Solorzana 
(1969) indicated that the production of nitrate reductase may be 


phosphorus dependent. 


Trace Elements 

Several trace elements may be required by algae for growth to 
occur. These micronutrients can be differentiated from the macro- 
nutrients entirely on the basis of the concentrations required by the 
algae. Trace elements function as the metal constituents of enzymes 
necessary for biological reactions. 

Examples of required trace metals include molybdenum, copper, 
manganese, vanadium, and cobalt required by Chlorella, Scenedesmus, 
Anabaena, and probably by all other species of algae. The trace ele- 
ments boron, calcium, and molybdenum have been shown to be required in 
nitrogen fixation. Other micronutrients that have been demonstrated 
to regulate growth include vitamin Bios thiamine, and biotin, with 
vitamin Bio being required by more species than thiamine or biotin 


(Clesceri, 1973). 


. P | 
The concentration of trace metals (Came: Mg**, "aR Na , and Si0,) 


that will produce the optimum growth varies from species to species. 
Chu (1942) found that Pediastrum boryanum favored lower concentrations | 


of Chap Mg’, and S10, and higher concentrations of ee However, in 


; + : 
opposition, the diatoms favored lower concentrations of K and higher 


+ 


concentrations of Cay ; Mg’, and Si0,. The optimum concentration of 
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35 
one trace metal may be dependent on the concentrations of others. 
lay tt } ; : i 
When Mg concentrations are high, the ga requirement is often low. 


High concentrations of the trace metals may be inhibitory. Chu (1942) 

found that high concentrations of S10, inhibited growth in the algae 

tested. The concentration that proved inhibitory varied with species. 
Goldman (1960) in his study of three lakes of the Alaska Peninsula 

found that during the summer months, magnesium appeared to be the 

limiting factor in Lake Becharof and Lake Brooks. Naknek Lake did 

not appear to be magnesium limited. By varying the concentration of 


magnesium in several cultures, he found that approximately 9.0 ppm of 


magnesium produced optimum growth. 
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Section 3 
Effects of Light, Temperature, and Turbulence on Algal Production 
Algal production is modified and, to a certain extent, controlled 
by the physical environment. Three of the most critical environmental 
factors are light, temperature, and turbulence. Each of these factors, 


singly or in combination, will affect algal production. 


Light 


Light transmission through water may be expressed as: 
[Eq. 8] 


where us is the light present at a given depth, Le is the light inci- 
dent at the surface, n is the extinction coefficient, and z is length 
of the light path (Ruttner, 1963). The euphotic zone of a lake is 
defined as the depth of light transmission where one percent of the 
surface intensity remains. This generally marks the lower point in 
which appreciable growth and photosynthesis can occur (Krishnaswami, 
1967). 

Algal response to light fits three definable conditions: the 
compensation light intensity, the saturation light intensity, and the 
inhibitory light intensity. The compensation light -intensity is 
that intensity necessary to maintain the metabolic activities without 
allowing growth to occur (photosynthesis minus respiration = 0). The 


inhibitory light intensity is the light intensity that inhibits growth. 
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The saturation light intensity can be defined by a discussion of the 


equation: 
| 
k = uA Sahl [Eq. 9] 
k_ + al 
where 
kK = growth rate constant in a first order growth rate 
expression 
Ka = maximum growth rate 
I = incident light intensity minus the compensation light 
intensity 
a = slope of k as a function of I when I is zero 


This equation of the effect of light intensity on algal growth 
demonstrates a hyperbolic function indicating that a saturation light 
intensity will be ope heRluets that, for additional increases in light 
intensity, only slight increases in growth will occur when all envi- 
ronmental conditions except light intensity remain constant. These 
three conditions exhibit a slight degree of temperature dependence 
(Olinger, 1968). 

Goldman, Mason, and Wood (1963) found that in Antarctica, 
inhibition of algal growth occurred at solar noon due to the high 
input of solar energy and the exposure of algae to brief periods of 
high intensity light lowered the photophythetic rates. They also 


state that light intensity inputs above 0.2 ly min! were inhibitory 
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to algal growth. Luebbers and Parikh (1966), using oxygen production 
as a measure of photosynthesis, found that the compensation point 
occurred at less than 20 ft-candles of energy. Metabolic activity 
increased as a logarithmic function until reaching the saturation 
point at 720 ft-candles. The saturated condition continued until 
reaching 4500 ft-candles where inhibition occurred and metabolic 
activity decreased sharply. Azad and Borchardt (1969) found a direct 
correlation with phosphorus uptake rates and increases in light inten- 
sity: . 

Lorenzen (1963) found that both the length of the day and total 
radiation influenced algal production. These two parameters appear to 
be related to the degradation and synthesis of chlorophyll a. Algal 
production curves demonstrated a daily fluctuation with the maximum 
occurring just before noon and the minimum occurring just after sunset. 
However, Goldman (1960) in his study of Brooks Lake, Alaska, found, 
during the month of September, the maximum net photosynthesis occurred 
at 1 P.M. He also found two compensation points occurring at 3 A.M. 
and 11 P.M. 

Temperature modifies the effect of light on algal production. 
Brock and Brock (1969) in their study of thermally adapted algae living 
in hot springs found that increases in light intensity did not produce 
inhibitory effects. An Alaskan study conducted by Prescott (1963) 
found a maximum of planktonic species occurring in mid-July following 


75 days of continual sunshine although the lake was still frozen over. 
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This study was conducted at Barrow, Alaska. Goldman's (1960) Study 
of Brooks Lake, Alaska, also found maximum photosynthesis occurring 
around July 1 with minor fluctuations occurring during the rest of the 


summer. A fluctuation in algal production also occurred with depth. 


Temperature 


Arctic and subarctic lakes in Alaska rarely reach high tempera- 
tures, hence the greatest temperature effect on algal production is in 
relation to the lower temperatures. Prescott (1963) states that growth 
and reproduction in algae may be carried on when water temperatures are 
only 0.56°C. His study of several Alaskan lakes showed that maximum 
growth occurred when the water was scarcely above freezing. In the 
Barrow region, there were 70 days when the lakes were completely free 
of ice, with 47 days in which the water was above 1°C and only 20 days 
in which the temperature exceeded 5°C. Many of the arctic species were 
found to protect themselves from excessive environmental conditions by 
assuming an encysted form. Almost all the collections made from June 
to December demonstrated a great profusion of encysted cells. 

The temperature of a lake will affect, to a slight degree, the 
solubility of gases in that water. An inverse relationship exists 
between the solubility of atmospheric gases and increase in temperature 
and this may be of importance in supplying No to the blue-green algae , 


and the C0. used by all algae in photosynthesis. 
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40 
Studies by Brown (1972) to assess the effect of light and 
temperature together concluded that light was the most important 
direct control of algal growth, while temperature had an extremely 
important indirect effect causing thermal stratification and lake 


turnovers. 


Turbulence 

Turbulence affects algal growth rates as a direct function up to 
a given limit. The increases in growth with increases in turbulence 
can be attributed to several factors including the enhanced release of 
autospores from the mother cells, the exposure of cells to homogeneous 
nutrient concentrations, enhanced gas diffusion into the water, and 
the removal of toxic byproducts of metabolism (Brannon and Bartsch, 
1939). 

Olinger (1968) found that increased turbulence increased algal 
production as it allowed a more efficient utilization of light. It 
was found that the mixing of the algal cells increased the average 
light intensity available to the algae, thereby offsetting the effects 
of increases in algal cell concentrations. Highly turbulent water 
produces unstable conditions that are detrimental to algal growth as 
the thermal stratification will be lost. 

As in all ecosystems, the effect of abiotic physical systems are 
inseparable from the biotic systems. With regards to the effect on 


algal growth, the three physical factors of light, temperature, and 
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turbulence are interrelated and demonstrate a dynamic system where 


| 


changes in one affect the others and hence change the rate of algal 


production. 
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CHAPTER III 
| THE NANCY LAKE-RED SHIRT LAKE RECREATIONAL AREA 


[ 
| 


Pitre tsea paradox that in Alaska, with its small population and vast 


land area, the opportunities for outdoor recreation are few. Despite 
the existence in the state of over three million fresh water lakes 
larger than 20 acres, 10,300 streams and rivers with a total length 
of 82,000 miles, and 57 million acres of salt water within the three 
mile limit, Alaskan roads provide access to only 264 lakes, streams 
and salt water fisheries, all within one mile of a highway (Alaska 
Department of Natural Resources, Division of Lands, 1967). 

Alaska residents are young and are generally outdoor oriented 
and rely on water-based recreation to a great extent. Summer activi- 
ties in lake regions include swimming, water skiing, fishing, sailing, 
pleasure boating, and canoeing. Float planes are used extensively 
throughout the summer months in Alaska. Anchorage has one third of 
the total float plane registry of the United States. Nearly all of 
these planes are privately owned and are used predominately for water- 
based recreational activities. Winter water-based recreation includes 
ice fishing, skiing, ice skating, and snow mobile riding and racing. 
Water bodies are also used for landing strips for ski-equipped planes. ™ 


These planes are usually the same ones that are float-equipped during 


the summer. 
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Tourism plays a vitally important role in the use of summer recre- 
ational facilities. Camping among non-residents is quite popular as 
shown by a recent survey conducted by the Parks and Recreation Section 
of Alaska's Division of Lands which indicated that more than 40 percent 
of all vehicles observed at Alaskan campsites had out-of-state regis- 
trations. It is estimated that 78 percent of all tourists to the state 
visit the South Central region (Alaska Department of Natural Resources, 
1970). Alaska had approximately 125,000 out-of-state visitors in 1971 
(Rich and Tussing, 1973) and 20,000 recreational vehicles came through 
Alaska customs. With an average of 2.7 persons per family, it means 
that 54,000 tourists came to Alaska on a camping trip (Arctic Health 
Research Center, 1972). Camping is a fairly popular outdoor recrea- 
tional activity for non-residents, but almost entirely in developed 
areas. On an average seasonal day, it is estimated that 4,300 non- 
residents engage in this activity, with virtually all the demand 
occurring in South Central and interior Alaska. While this average 
seasonal daily participation by non-residents may appear quite small 
compared with peak day resident demand (34,000), it should be noted 
that this participation is sustained fairly evenly throughout most of 
the week, without the weekend peaks found for residents (Alaska Depart- 
ment of Reara i Peenlirccest 1970). 

The State of Alaska is presently developing a year round water- 
based recreational site in the area of Nancy Lake-Red Shirt Lake. A 


summary of the proposed facilities, as given in the Nancy Lake: Plan, 
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Program, Budget (Alaska Department of Natural Resources, Division of 


Lands, 1967) includes: 


Land 
Gross area 21,127 acres 
Water bodies 24% & Ol acres 
(excluding streams) 
Wetlands (swamp) 20% 4,335 acres 
Hillside land 6% 1,219 acres 
Forested land 50% 10,576 acres 
Open dry land 6% ]},200 acres 
Water 
Number of water bodies 131 
Number 5 acres or less 64 
Fishery potential rated 6 lakes 2,254 acres 
No. 1] 
Fishery potential rated 6 lakes 755 acres 
No. 2 
Fishery potential rated 20 lakes 902 acres 


Related negligible as to 35 lakes 13105 acres 
fishery potential 


Streams--17 miles--Little Susitna River (1 mile in park) 
and several other streams rated No. 1 as to fishery 
potential. However, most streams not assessed as to 
potential. 

Roads 
Main Road 16 miles 
Red Shirt Complex-Viewpoint spur 2.4 miles 


Little Susitna River spur. Oslo Les 
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Trails 

Foot-horse (combined) 25 miles 

Canoe maximum if all streams used 17 miles 
Concession facilities 

Lodge--up to 160 units 

Cabin areas--3--up to 140 units 

Tent cabin area--1l--up to 150 units 

Riding concession with stable, corrals 

Refreshment facilities 

2 Marinas (in part) 

Float plane drome (in part) 

Grocery store 

Gas station 

Winter sports complex (in part) 
Campground 

7 areas--1750 individual campsites 

Group camps--2 sites reserved 
Picnic grounds 

7 areas--2900 individual picnic sites 
Special facilities 

Boat launch ramps and parking~-16 

Canoe/raft take-out--Little Susistna River 

View point 


Golf course 
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Trail camps--number unlimited 

Swim beach 

Winter sports complex 

Marinas--2 

Administrative, Maintenance and Operational Facilities 

Entrance station 

Visitor's center 

Main staff residence and maintenance area 

Satellite staff residence and maintenance area 
The above list represents a well integrated and highly developed 
recreational area. The state has constructed more than five miles of 
road and more than 100 campsites to date. The Department of Parks 
planned to complete all roads by 1973. 

This recreational facility has a projected use by 1980 of 
1,840,000 user-days for the resident population, 1,034,000 user-days 
for non-residents, with a total estimated use of 2,874,000 user-days 
(Alaska Department of Natural Resources, Division of Lands, 1967). 

Many recreational areas, including the Nancy Lake area, use septic 
tanks and/or pit toilets for sewage disposal. In addition, the state 
campgrounds in the Nancy Lake recreational area are using vault toilets. 
All of these types of facilities may contaminate the ground water and 
the runoff water and may leach nutrients into the lakes. This nutrient 
loading may increase the algal nreaneri one increasing the rate of 


eutrophication. 
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Nancy Lake is a picturesque lake irregular in shape with many 
coves and bays. The lake shore is covered with deciduous tr°ss with 
sma) groves of conifers in the areas of better drainage. e littoral 
zone has extensive aquatic plant growth. Those littoral areas that 
are not rocky are covered completely with dense growths of several 
Species of plants. These areas are also heavily infested with stickle- 
back fish and snails. The rocky areas contain high populations of 
freshwater clams and snails. 

The lake shore is well developed with houses and cabins. Exten- 
Sive summer use is made of the lake for recreational purposes with 
swimming, pleasure boating and water skiing being the most common uses. 

The study site selected was a small cove of approximately five 
acres in size located on the northwest side of Nancy Lake. This cove 
was chosen as it had the least existing development (one house) and | 


hence it was assumed to have the least pollutional loadings. 
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Location map and map of Nancy Lake. 


Figure 1. 
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Map of Study Area. 


Figure 2. 
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CHAPTER IV 
| METHODS 


/ 


| 


| The methods used in this study are divided into two parts: those 
used to measure the parameters of interest existing in Nancy Lake at 
the time of sampling and those involved with determining the experi- 
mental data. 

Field investigations were performed during the summer of 1973 on 
July 14, July 31, August 1, August 17, August 19, September 26, and 
| September 27. 

The parameters measured during sampling were dissolved oxygen, 
total alkalinity, nitrate-nitrite, ammonia, ortho-phosphate, color, 
turbidity, light, and temperature. Dissolved oxygen was determined by 
the azide modification as described in Standard Methods (1971). Total 
alkalinity was measured with the potentiometric method as described in 
Standard Methods (1971) using a Beckman expanded scale pH meter. 

Nutrient samples were taken by placing samples of lake water in 
two 250 ml B.0.D. bottles and adding mercuric chloride (HgC1,) to 
preserve them. The samples were returned to the laboratory Foy 
colorimetric determination of nitrate-nitrite, ammonia, and ortho- 
phosphate. Nitrate-nitrite was analyzed together following the 
technique described by the U.S. Environmental Protection Agency (1971) 
for the automated hydrazine reduction method utilizing the Technicon 


autoanalyzer. Ammonia concentrations were obtained following the 
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U.S. E.P.A. (1971) phenolate method for use with the Technicon auto- 
analyzer. Initially, the measurement of phosphorus concentrations were 
attempted by utilizing the Technicon autoanalyzer following the single 
reagent method as described by the U.S. E.P.A. (1971), but the concen- 
trations fell below the 0.01 mg P/1 minimum that this method will 
measure. OQOrtho-phosphate concentrations were then measured employing 
the method described by Shapiro (1973). 

The method described by Shapiro (1973) involves several steps. 
The lake water was filtered through a membrane or glass fiber filter 
and 100 ml was placed in a 250 ml separatory funnel. Twenty five ml of 
reagent grade isobutanol (2-methyl-1l-propanol) and 5 ml of 1% aqueous 
ammonium molybdate (with the pH adjusted to 8.0 with NH,0H) were added 
to the contents of the separatory funnel. After further addition of 
5 ml of 3.3 N HCl, the funnel was stoppered and shaken for 30 seconds. 
The funnel was then allowed to stand for one minute and the aqueous 
layer was removed and discarded. Next, 100 ml of 0.5 N HCI saturated 
with isobutanol was added and the funnel was shaken for 30 seconds. 
After standing for one minute, the aqueous layer was discarded. The 
solvent layer was drained into a 25 ml graduated cylinder, with the 
sides of the separatory funnel carefully rinsed with 95% or absolute 
ethanol until the final volume of the graduated cylinder was 25 ml. 
The 25 ml was poured into a flask and 2 ml of a stannous chloride 
solution (prepared by adding 140 mg SnC1o/ml ethanol) was added. After 


5 minutes, the sample was read against 95% ethanol at 660 mu on a. 
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spectrophotometer and compared with standards and a distilled water 
blank prepared in the same manner. 

Color and turbidity were measured with a United States Geological 
Survey model Color and Turbidity Testing Apparatus. The use of this 
apparatus for measuring color is described by the field method in 
Standard Methods (1971). The apparatus for measuring turbidity con- 
sists of a cloth tape inscribed with a logarithmic scale of turbidity 
units. The end of the tape is weighted and contains a pin held at 
right angles to the tape. The apparatus was lowered into the water 
until the pin just became indistinguishable. The turbidity was then 
read from the units on the tape. 

Light and temperature were measured at intervals throughout the 
incubation period. Light was measured with a photometer and the 
readings were converted to foot-candles of energy. Temperature was 
measured with a standard field thermometer. 

Samples were taken on August 17 and September 26 for enumeration 
of the algae following Uterm&h1's method as described by Margalef 
(1969). One 500 ml sample of the original lake water was removed and 
immediately preserved with Lugol's jodine solution on each date. A 
third sample, on September 17, was placed in a B.0.D. bottle, 70.00 
ug/1 NH,NOa-N and 17.82 ug/1 KjHPO,-P added, nngubates for 24 hours, — 
fixed with Lugol's iodine, and enumerated with the other samples. 

To obtain the experimental aoe on nutrient concentration versus 


algal production, using the light-dark bottle dissolved oxygen method, 
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53 
a five by five grid was established. This grid provided twenty five 
cells. Nutrients were added according to the following format (where 


xX is the nutrient concentration): 


Figure 3. Experimental Format for Nutrient Additions 


The first cell (0,0) contained five light bottles and two dark 
bottles, providing ten measurements. This cell was considered the 
control cell as, without nutrient addition, production measured in this 
cell should have approximated the existing lake production. Each of 
the other cells contained two light bottles and one dark bottle, 
providing two replicates. | 

Nutrient solutions consisting of K HPO, and NH,NO. were employed, 
excepting the July 14 sample where Nand. was used. The concentration 
of these solutions were such that 2:ml of the 8x concentration. added 


to a 300 ml B.0.D. bottle then diluted to 300 ml provided the required 
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54 
nutrient concentration. The nutrient solution was then diluted 50% 
with deionized distilled water and 2 ml was placed in the next set of 
B.0.D. bottles, providing the 4x concentration. This procedure of 
serial dilutions was continued until all the bottles were inocculated 
with the appropriate nutrients. 


The nutrient concentrations utilized were as follows: 


Table 1. Experimental Nutrient Concentrations 


July 14 0 X 2X ax 8x 


NaNO.-N(mg/1) 0.00 65.88 Laie 2035 a0 927.00 


K HPO, -P(mg/1 ) 0.00 AvA5 8.90 if. 62 35.63 
July 31 

NHNO.-N(mg/1) 0.00 e75 3.50 7200 14.00 
K HPO, -P (mg/1) 0.00 0.45 0.89 PvE: Shnneh 
August ] 

NH,NO.-N(ug/1) 0.00 17.50 35.00 70.00 140.00 
KoHPO, -P(ug/1) 0.00 4.45 Sachi! 17.82 35.63 
August 17 

NH,NO.-N(ug/1) 0.00 8.75 17250 35.00 70.00 


K HPO, -P(ug/1) 0.00 fee] 4.45 8.9] 17.62 
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| Table 1 (continued) 
August 19 0 x 2X 4x Sx 


NH,NO,-N(ug/1) 0.00 o./0 17.80 35,00 70.00 
K5HPO,-P(ug/1) 0.00 ey ae 4.45 8.91 17.82 


September 26 
NHqNO.-N(ug/1) 0.00 8.75 liteb0 35.00 70.00 
KoHPO,-P(ug/1) 0.00 apes: 4,45 8.91 Ice 


september 27 
NH,NO.-N(ug/1) 0.00 


ee) 


15 See }7 508 35nd mmmeO 00 
KoHPO,-P(ug/1) 0.00 2,28 4.45 8.91 17.82 


Lake water was obtained from just below the surface in a 19 litre 
carboy. The B.0.D. bottles were filled randomly from this carboy, 
placed in baskets, and incubated at a depth of approximately one metre 
below the surface. The dark bottles were incubated separately from the 
light bottles to prevent shading. All bottles were placed at random 
in the baskets. Incubation time was 24 hours except for the July 14 
sample where the incubation time was 6 hours. After incubation, 
dissolved oxygen was determined following the azide method as described 


in Standard Methods (1971). 
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CHAPTER V 
RESULTS AND DISCUSSION 


A total Oe trips were made to the study area on July 5, 

July 14, July 31, August 17, and September 26, 1973. The July 5 trip 
served to reconnoiter the study area and the remaining trips provided 
seven experimental data sets and in situ data on the physical, biologi- 
cal, and chemical parameters of interest. 

Tables 2 through 8 represent the experimental data obtained by 
subtracting the dark bottle dissolved oxygen value from the two light 
bottle dissolved oxygen values, excepting the first square of the grid 
(0,0) where the light bottle values minus the dark bottle values pro- 
duce ten data points. The arithmetic means of these data are presented 
graphically in Figures 2 through 8. 


The results obtained from the in situ measurement of dissolved 


oxygen, total alkalinity, nitrate and nitrite, ammonia, ortho-phosphate, 
color, and turbidity are presented in Table 9. 

Values obtained for the measurement of light and temperature are 
presented in Table 10. 

Utilizing the nomograph for oxygen solubility provided by Strick- 
land and Parsons (1968), the maximum dissolved oxygen, under saturated 


conditions, for the given temperatures was determined. These data are > 


presented in Table 11. 
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Figure 4. 
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NaNO.-N (mg/1) 


Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for July 14 
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Figure 5. 


NHqNO3-N (mg/1) 


Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for July 31. 
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Dissolved Oxygen Values for August 1. 
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Figure 7. Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for August 17. 
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Figure 8. Mean’ of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for August 19. 
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Figure 9. Mean of Light Bottle Minus Dark Bottle 
Dissolved Oxygen Values for September 26. 
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Total alkalinity data were converted to total available carbon 
utilizing equations provided by Strickland and Parsons (1968) and 
Vollenweider (1969). These data are presented in Table 12. 

Table 13 reflects the time of sunrise, time of sunset, and the 
total length of day for each sampling date. 

Cell counts were made on August 17 and September 26 and these 
data are presented in Table 14. 

Gross production was calculated for each sample utilizing 
Equation 4 and these data are presented in Table 15. 

Figures 4 through 10 demonstrate some interesting results. In 
theory, the addition of the two nutrients singly should produce a 
greater dissolved oxygen level than that of the control. The nutrients 
added in combination should produce dissolved oxygen levels greater 
than that of the control and, if synergistic effects do exist, the 
dissolved oxygen levels should be greater than the levels obtained 
from the nutrients singly. This could not be shown consistently 
throughout the samples. 

The data obtained on July 14 (Figure 4) shows erratic results. 
This may be due to the inhibitory effect of the high concentrations of 
NaNO... This inhibition is demonstrated by row one, where the NaNO, 
was added singly and an obvious inhibition occurred. For the same 
sample, the phosphorus also did not induce increases in algal pro- 
duction over the control as demonstrated by column one, however, the 


results were not as marked as with the nitrate. The nutrients added 
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Table 11. Saturated Dissolved Oxygen at Given Temperatures 


Temperature 
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Table 12. 


Sampling Date 
July 31 


August | 


August 17 
August 19 


September 26 


September 27 


Saturated Dissolved Oxygen 


Total Available CO 


45.52 mg/1 


45.20 mg/] 


45.34 mg/] 
45.35 mg/1 


9.22 mg/l] 
9.29 mg/1 
9.51 mg/1 
10.36 mg/1 


11.42 mg/1 


g 


Conversion to Total Available C0, 


12.41 mg/1 


AZ.32 0G] 1 


12.37 mg/1 
12.37 mg/1 


FAS) 


Total Available CO,-C 
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Table 15. Gross Production 


| 


Sampling Date Gross Production Gross Production 


mg I © mg C/liter/day 
July 14 20.16 0.484 
July 31 6.25 0.150 
August 1 0.80 0.019 
August 17 0.00 0.000 
August 19 2.Ue 0.048 
September 26 1201 0.024 


September 27 ele 0.048 


79 
in combination demonstrated little consistency, except that the 
inhibitory effects of nitrogen seem to be reduced as nutrient concen- 


trations were increased. 


| The July 31 sample (Figure 5) demonstrated even more inconsistency 
than the July 14 sample, although nutrient concentrations were reduced 
inaan attempt to remove the inhibitory effects. With nutrient concen- 
trations reduced even further, the August 1 sample (Figure 6) generally 
showed an induced increase in production with nutrient addition at the 
lower nutrient levels. The increased production decreased at the 
higher nutrient levels. Consistent synergism was not apparent in this 
sample. 

Nutrient concentrations were reduced further and the final four 
samples (Figures 7 through 10) were conducted at the same nutrient 
levels. A very general pattern emerges from these data. Phosphorus - 
addition appears to induce increases in algal production with increas- 
ing phosphorus addition. Nitrogen addition initially induces increases 
in algal production, but at the higher nutrient levels the production 
decreases. Synergism is also not readily apparent in these samples. 


Comparing the in situ dissolved oxygen for each sample from 


Table 9 with the saturated oxygen potential from Table 11 provides a 
measure of the water's capability to absorb additional oxygen from 
photosynthesis when the sample is enclosed in the bottles during incu- 
bation. These comparisons indicate that the lake may have been 


saturated on July 31, August 17, and August 19 and supersaturated on 
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80 
August 1. This may have produced experimental error as some of the 
oxygen produced from photosynthesis may have been lost to the atmosphere 
when the bottles were uncapped. 

The data on total alkalinity demonstrate a constancy throughout 
the sampling period. By using the means of the available nutrient data 
and assuming that the nitrogen measured as nitrate and nitrite was 
primarily in the nitrate form, the ratios of the atomic nutrient 
constituents using phosphorus as a base were calculated and are 
presented below: 

1458 C/23 N/1 P 
Bartsch (1972) provides an atomic ratio of these nutrients for communi- 
ties of algae as: 
106 C/T6GH/1 
Comparing the two ratios indicates that carbon is available in abun- 
dance, nitrogen may be present in excess, and the lake is possibly 
phosphorus limited. 

The color and turbidity data presented in Table 9 indicate the 
lake is relatively free from color producing materials (negatively 
charged colloidal particles) and turbidity (produced by suspended 
particulates). Hence, the passage of light through the water should 
not be greatly reduced. However, the light may be inhibitory aveol 
near the surface due to the clarity of the water. 

A vertical extinction coefficient was estimated based on 


Equation 8. As the bottom of the lake disappeared at approximately 
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three meters, the total path length of the light was assumed to be 
six meters. The surface light intensity was assumed to be 600 foot- 
candles with the light intensity at six meters being 1% of this or 
Six foot-candles. This provides a vertical extinction coefficient of 
0.768. 

Utilizing Equation 8 with the surface light intensity being equal 
to 600 foot-candles, the vertical extinction coefficient as 0.768, and 
the depth of incubation being one meter, the amount of light impinging 
the bottles was estimated to be 278.5 foot-candles. The light inten- 
sity of 900 foot-candles (the maximum light intensity measured) is 
estimated to be 417.7 foot-candles. These values are below the 720 
foot-candle saturation point and 4500 foot-candle inhibitory point 
reported by Luebbers and Parikh (1966). Hence, the light impinging 
the bottles during incubation was probably not inhibitory. 

Light and temperature data presented in Table 10 demonstrate that 
incident radiation remained relatively uniform throughout the sampling 
period. Some effect of the decreasing day length is exhibited in the 
8:00 p.m. and 8:30 a.m. light measurements. The theoretical length of 
day for the latitude and longitude of Nancy Lake is presented in 
Table 13 (U.S. Naval Observatory, 1973). The temperature data also 
reflect this reduction in day length b becoming progressively lower. 
Although the amount of daily incident » ciation was reduced by 29.1% 


during the sampling, no attempt was made to remove this variable from 


the experimental results. 
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The results of the algal enumeration are presented in Table 14. 
The total population appears to remain somewhat stable among the 
samples, A shift in population composition may occur between August 
and September as the Schizophyta increased from 17.4% to 39.7%. The 
addition of the nutrients to a sample incubated for 24 hours on 
september 26 (as described in Chapter V) appears to reverse this 
trend. 

Palmer (1964) reports algal cells/ml for five lakes in various 
parts of the United States. These are as follows: Lake Michigan-- 
9,740 cells/ml; Lake Havasu--1,130 cells/ml; Lake Mead--1,110 cells/m1; 
Lake Erie--1,690 cells/ml; and Lake Superior--780 cells/ml. ~° Comparing 
these data with the total cells/ml (approximately 1.7) obtained from 
Nancy Lake indicates that Nancy Lake is extremely poor in algal phyto- 
plankton. 

Dugdale and Wallace (1960), using the light-dark bottle dissolved 
oxygen method, found gross production results of .025-.050 mg C/liter/ 
day in Upper Jennifer Lake and Little Kittoi Lake, Alaska, in mid-July. 
For the rest of the summer their results showed less 05 inethes light 
bottles than in the dark bottles. This was explained by three 
possibilities: (a) respiration rates of the algae may depend on the 
oxygen concentrations present, hence providing prenene sunt in the 
dark bottles due to the lack of high oxygen tensions in the light 
bottles; (b) possible photochemical oxidation of organic material in 


the water; and (c) the photokinetic effect on zooplankton in the . 
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light bottles. This may provide some explanation for the negative 
results obtained in the early samples. 

Goldman (1960) studied Naknek, Brooks, and Becharof Lakes, 
Alaska, and, utilizing carbon-14, found fixation rates on July 20 of 
-01079 mg C/liter/day for Naknek Lake and .00419 mg C/liter/day for 
Brooks Lake on July 23. August 19 samples of Naknek Lake showed rates 
of .01042 mg C/liter/day, .00196 ma C/liter/day for Brooks Lake on 
August 22, and .00063 mg C/liter/day for Becharof Lake on August 23. 

Dugdale (1965) also utilized carbon-14 on Smith Lake, Alaska, and 
found production rates of approximately 0.144 mg C/liter/day in July 
and 0.240 mg C/liter/day in August and in September. 

These data indicate that a wide variation in production rates 
exist, depending on the lake being investigated. The data obtained 
for Nancy Lake also demonstrate a wide variation indicating that the 
algae are very sensitive to physical changes in the environmental 
conditions or that large experimental errors were made. The high value 
obtained on the July 14 sample may be due to the fact that the incuba- 
tion time was 6 hours as opposed to 24 in the remaining samples. This 
reduces the values of N in the division of Equation 4, thus producing 
a higher gross production (G.P.). 

Utilizing Equation 4, the theoretical sensitivity of the light- 
dark bottle dissolved oxygen method was calculated for varying incuba- 7 
tion times assuming an accuracy of the Winkler dissolved oxygen test of 


0.62 mg/1 (Standard Methods, 1971). These data are presented in Table 16. 
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Table 16. Theoretical Sensitivity of the Light-Dark Bottle Method 


Hours of incubation 6 12 18 24 


Gross Production (mg C/liter/hour) 161.33 80.67 40.33 20.16 


As the values of gross production presented in Table 15 fall below 
the theoretical values for the given incubation times, the light-dark 
bottle dissolved oxygen method may not be sensitive enough to measure 
the production occurring in Nancy Lake. 

The statistical analysis of the experimental data required four 
tests. The first of these tests was to determine if the light-dark 
bottle Winkler dissolved oxygen method was sensitive enough to measure 
the production in the lake. To determine this it was assumed that if 
the Winkler method was not sensitive enough, then the results obtained 
should be randomly distributed about the mean and the mean should be 
equal to zero. To test this a Student's t test to test for variance 
was employed for each sample. The results are tabulated in Table 17. 

The hypothesis of Ho : |x| = 0 was rejected for all samples with 
a confidence level of 99.5%. This demonstrates that the Winkler method 
was sensitive enough to measure production in the lake. 

The second test employed was to determine if the data varied 
significantly from the control with regards to the effects of the 
addition of the nutrients. For this test, it was assumed that Row 1 
(1,0 - 4,0) and Column 1 (0,1 - 0,4) exhibited the effects of nitrogen 


and phosphorus additions singly. The diagonal (1,1 - 4,4) was assumed 
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Sample Date 


July 14 

July 3] 
August | 
August 17 
August 19 
September 26 
September 27 


Ho : |x| = 0 
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to exhibit the effects of the nutrients in combination. The control 
(0,0) was assumed to be equal to the mean, = If, imetact, a statisti- 
cally significant effect was present, then the variance about the mean 
of the row, column, and diagonal will demonstrate this. 

To analyze for this variance, a non-parametric test, the Miller- 
Jacknife test, was employed. The Miller-Jacknife test was selected as 
the standard F test employed in the classifical analysis of variance is 
extremely sensitive to non-normality while the Miller-Jacknife test 
is not (Hollander and Wolfe, 1973). The results of the test are 
presented in Table 18. 

In this analysis of comparing the variance of a nutrient to the 
variance of the control, a positive sign on the t statistic indicates 
a greater variance due to the nutrient addition and a negative sign 
indicates a greater variance in the control. Hence, if Ha is accepted 
as being statistically significant but the variance occurred in the 
control, then no effect from the addition of nutrients can be demon- 
strated. 

The results obtained from this analysis indicate that, at the 95% 
confidence level, only the data obtained in the July 31 sample contain 
statistically valid results due to the addition of nutrients. This 
sample is also statistically valid at the 99% confidence level. The 
results from the 90% confidence level are also presented for reference 
only as, according to Sokal and Rohlf (1969), values that fall below 


the 95% confidence level are not considered significant. 
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Sample Date 


July 14 
N-C 
P-C 
N+P-C 
July 31 
N-C 
P-C 
N+P-C 
August | 
N-C 
P-C 
N+P-C 
August 17 
N-C 
P-C 
N+P-C 
August 19 
N-C 
P-C 
N+P-C 


Table 18. 


testatistic 


-2. 


14 


a15 


Miller-dJacknife Test for Variance 


16 


16 
16 


Oo 


a0. 10 
ea] 


Accept 


Ha(N+P) 


Ho 
Ha(C) 
Ha(N+P) 


Ho 
Ha(C) 
Ha(C) 


Ho 
Ha(C) 
Ho 


a0.05 
1.753 


Accept _ 


Ho 
Ho 
Ho 


Ha(N) 
Ha(P) 


Ha( N+P) 


Ho 
Ha(C) 
Ho 


Ho 
Ho 
Ho 


Ho 
Ha(C) 
Ho 


87 


00.01 
2.602 
Accept 


Ho 


Ho 
Ho 


\' wes 


>. %* wh Peeedie eal 1 


St itn 


i, 
} i 


Table 18 (continued) 


saute 26 


N-C “ee 16 Ha(C) Ho Ho 
Pet 0.64 16 Ho Ho Ho 
N+P-C 0.23 16 Ho Ho Ho 


September 27 


N-C -1.29 16 Ho Ho Ho 
P-C oe 52 16 Ho Ho Ho 
N+P-C O18 16 Ho Ho Ho 
V V 
Ho 7-* Ha 7 > ] 
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A third test was used to determine the direction of the change 
from the control. To determine this the Wilcoxon Rank Sum test was 
employed to compare the medians between the control and the results 
obtained from the nutrient addition. This test was applied to each 
of the samples. The results for this test are presented in Table 19. 

Due to the relative "power" of the two tests, if Ho is accepted 
from the Miller-Jacknife test for the difference in variances but Ho 
is not accepted for the Wilcoxon Rank Sum test, the Wilcoxon Rank 
Sum test provides a stronger analysis. However, when the opposite 
condition occurs (i.e. when Ho is not accepted in the Miller-Jacknife 
test and Ho is accepted in the Wilcoxon Rank Sum test), the Miller- 
Jacknife test provides the stronger analysis. For this reason, it 
was shown that a change from the control occurred in the July 14, 
July 31, and August 17 samples. The change in the July 14 sample was 
negative for both nitrogen and phosphorus at the 95% confidence level 
with no change apparent for the two nutrients in combination. The 
July 31 sample was also negative (by inspection of Figure 3) for both 
nutrients. The change was positive in the August 17 sample for the 
nutrients singly and in combination at the 95% confidence level. 

For those samples that demonstrated a statistically significant 
change from the control, a fourth test was desired t0 obtain an 
inference as to the magnitude of the change. To accomplish this, an 
estimation of the median of the products of the sample data points 


was made for the results of each nutrient and the nutrients in combina- 
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Table 19. 


Sample Date 


July 14 
N-C 
P-C 


P-C 
N+P-C 
August | 
N-C 
P-C 
N+P-C 
August 17 
N-C 
P-C 
N+P-C 


August 19 
N-C 


N+P-C 


Wilcoxon Rank Sum Test 


a0.10 
Accept 
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Accept 
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Table 19 (continued) 
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92 
tion. These medians were then compared by establishing a ratio 


of Mp/My and Muep/ My. The results of this analysis are presented in 


Table 20. 


Table 20. Comparisons of the Products of the Medians 


Sample Data Mo/Myy Mu p/ My 
July 14 0.48 0.51 
July 31 1.05 0.88 
August 17 0.82 0.91 


These data establish the relative magnitude of change when the 
effects of the addition of nutrients were compared using the effects 
due to the addition of nitrogen as a base. 

These analyses indicate that negative results were obtained on 
the July 14 and July 31 samples and this can be observed on Figures 4 
and 5. In the July 14 sample, the negative results were stronger in 
the nitrogen than those produced by the phosphorus. The opposite 
effect occurred in the July 31 sample. This indicates that the-nutri- 
ent concentrations were added in excess and inhibited the algal growth 
on that date. 

The test on the August 17 sample demonstrates positive Sroduecionn 
for both nutrients singly and in combination. The nitrogen when added 


singly produced more effect than the phosphorus or the two in combi- 


nation. 
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93 
The remaining samples not producing statistically significant 
results may result from experimental error. This may indicate that 
the light-dark bottle dissolved oxygen method is marginal for use in 


water with low production. 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 


The statistical analysis of the light-dark bottle dissolved oxygen 
method demonstrates that it may be of use in waters with low production 
at a confidence level of 99.5% with regards to random error. Experi- 
mental errors (e.g. improper titrations, improper fixation of samples, 
inaccurately mixed reagents, etc.) or errors induced by the physical 
environment (e.g. the use of supersaturated or saturated sample water 
that will not absorb additional oxygen, light inhibition of the sample, 
etc.) may result in this method being only marginal. 

Calculations based on the available nutrient data indicate that 
Nancy Lake may be phosphorus limited. However, this is a theoretical 
approach and may be of limited value. Algal growth was often stimu- 
lated by the addition of nitrogen. Nutrient additions of less than 
140.00 ug/1 NHANO.-N and 35.43 ug/1 KoHPO, ~P show some growth stimu- 
lation. Nutrient additions in excess of 14.00 ma/] NHANO.-N and 
Je50 WG / A K HPO, -P inhibited algal growth. No synergistic effect 
could be shown. From these data, it is most likely that Nancy Lake 
is nitrogen limited. | 

Nancy Lake contains very low levels of phytoplankton of less 
than two organisms per milliliter, excluding the nannoplankton. 


Although gross production levels were small, they are higher than would 
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95 
be expected when the algal population is only two organisms per milli- 
liter. Hence, the gross production data indicates the possible pre- 
shine of larger populations of nannoplankton. 
| Although the light-dark bottle dissolved oxygen method of 


measuring algal production is one of the simplest, its use in sub- 


arctic lakes is limited. In in situ studies of algal production 


and studies of the effects of nutrient additions on algal production 
a more sophisticated method may be required. The carbon-14 light- 
dark bottle method provides an accuracy and precision level of 
approximately one order of magnitude greater than that of the 
dissolved oxygen light-dark bottle method, hence providing more 
reliable results. Experimental scope could be reduced by using only 
one concentration of nitrogen and one concentration of phosphorus 
per sample. This would allow time for additional replicates and 


provide for easier statistical analysis. 
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Appendix A 
Analysis of Nitrogen-15 
| The type of nitrogen compounds used by algae may be of interest 
if nitrogen is considered the limiting nutrient. Algal nitrogen 
sources are from two primary sources, ammonia and nitrate. The use 
of 15 may provide a measure of the uptake rate of these two compounds. 
Dugdale (1965) provides the following method for measuring the 


F : ; 2 5 
uptake rates of ammonia and nitrate. Aliquots of Kl i 


NO, or NHC 
are added to a sample of experimental water contained in one liter 
Pyrex reagent bottles and incubated for the desired length of time. 

The aliquot of labeled nitrogenous compounds should approximate 
ten percent of the same form of nitrogenous compound found in the 
experimental water. After incubation, the algae are removed by 
filtration through a Hurlburt glass fiber filter and dried. 

The algae-containing samples are then ground along with a small 
amount of cupric oxide (Dugdale, 1965). After the grinding, the 
sample is placed in a quartz combustion tube and oxidized at 700°- 
1100° C in an atmosphere of high purity CO... After combustion, 
additional CO, js added to sweep the sample through a post-heater 
tube packed with copper and cupria oxide... “ine C0, sweep gas iS 
removed with a trap cooled by liquid nitrogen. The C0. is removed 


from the trap with a mechanical pump (Barsdate and Dugdale, 1965). 


Theprocedure from the point of oxidation can be accomplished with a 
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Coleman nitrogen analyzer and the relative amounts of 4, and Vy 
determined by mass spectrometry. 
Dugdale (1965) includes the following equation to determine the 


nitrogen uptake rate: 


Ne = — [Eq. 15] 


where 

Ne = nitrogen uptake rate 

N. = total particulate nitrogen found in the sample 

T = incubation time 
A. = atom percent of the available nitrogen at the beginning 
Ae = atom percent of the particulate material at the end of 


the experiment and is calcualted from 


100) (R 
oe ee [Eq. 16] 


R = isotope ratio determined from the mass 


29 and mass 28 peaks. 


9 tT eyveg ee : 


ho theo aes 


—_ 
Fan ee 
Fi 


a oe 


= IS at ee 
Sones weer arey e 
BAe newt ees 
eee sese as Ss 

= Se=z sags 


23 


“ 

WA BeAlea y 

Nadsbeuctishn 
j Ha 


Saar 


a He ‘ ( 
eas 
ii 


See 


a. 


sseess 


Geigy ts 
He 
a) 


= 


eee eee 


= 


robe te 
ie 
DTA yt 


it) 
o, 


sea 
ie 
Hook 


